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Abstract 
Background: Plant genotypes are rarely developed for mixed cropping systems despite the potential of these sys-
tems to provide multiple ecosystem services. One of the most ubiquitously grown mixed cropping systems is a com-
mon bean (Phaseolus vulgaris L.) and maize (Zea mays L.) intercrop, but there is little consensus among researchers, 
and few known studies document farmer knowledge, about superior bean genotypes specifically for this intercrop 
system. Participatory plant breeding (PPB) is a well-accepted method of selecting varieties with farmers and could be 
a useful tool for identifying genotypes for intercrops. We used sole crop and intercrop PPB on-farm trials (n = 13) and 
interviews (n = 59) to document farmer knowledge about climbing bean genotypes and adaptation for intercrops in 
Rwanda, where smallholder farmers have traditionally grown beans and maize for generations.
Results: Qualitative analysis demonstrated that farmers considered distinct attributes for different cropping systems. 
In intercrops, farmer evaluation prioritized five factors: universal traits and trait-based competitive ability, intrinsic 
competitive ability, environmental adaptation, and management. Farmers consider intrinsic competitive ability cru-
cial, whereas most other studies have neglected this attribute in intercrop breeding strategies. Furthermore, farmers 
identified specific attributes that constitute an intercrop bean ideotype: adaptation, restricted height, columnar plant 
structure, even distribution of pods, fewer leaves, and earlier maturity. Farmers also had specific techniques for testing 
cropping system and environment interactions.
Conclusions: PPB on-farm trial evaluations and interviews with farmers allowed us to combine traditional agroeco-
logical knowledge with plant breeding research to generate new knowledge that contributes to our understanding 
of intercrop breeding and bean traits for intercrops. Farmers demonstrated sophisticated understanding of meth-
ods to identify genotype adaptation, competitive ability, and specific traits that together create a bean ideotype for 
maize–bean cropping systems. Empowering farmers through on-farm testing of diverse genotypes, and even popula-
tions, could be a practical solution to expensive genotype by environment trials and improve the identification of 
highly adaptive and productive genotypes for diverse and resilient cropping systems.
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Background
Plant genotypes adapted to smallholder environments, 
and diverse cropping systems are essential for improving 
food security and farmer livelihoods, but these heteroge-
neous environments present challenges to developing 
appropriate genotypes. Plant breeding programs com-
bined with participatory plant breeding (PPB)1 method-
ologies that integrate farmer knowledge and preferences 
into the development and selection of new varieties are 
1 Following the work of several authors including Humphries et  al. [1] we 
refer to participatory plant breeding (PPB) in the overarching sense of close 
collaboration between farmers and researchers, in which the degrees and 
stages of participation are on a continuum [2] and which describes a variety 
of methodologies, including participatory variety selection [3].
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one strategy that have increased the availability and adap-
tation of improved genotypes for smallholder conditions 
[4, 5]. Decentralized, client-oriented PPB programs have 
the goal of increasing adoption of improved genotypes by 
ensuring that farmer criteria for genotypes are met [6, 7] 
and they include co-learning and sharing of knowledge 
between scientists and farmers [3, 8]. The PPB process 
has made considerable advancements in breeding farmer-
approved, improved genotypes for various pure-stand 
crops including, among others, beans (Phaseolus vulgaris 
L.) [9], maize (Zea mays L.) [10], and pearl millet and 
sorghum [3]. These integrated PPB strategies may also 
provide certain insights into identifying genotypes suited 
for intercrops and mixed cropping systems.
Mixed farming systems, utilized by farmers worldwide 
[11, 12], provide multiple social and ecological services to 
the populations they support [13] and have been a subject 
of research for decades. These systems include diverse 
crop species often grown as intercrops, with two or more 
crops occupying a field at the same time. Summarized 
by Lithourgidis et  al. [12] and examined by others, the 
principle advantages of intercropping include increased 
land use and resource efficiency, improved resilience, and 
reduced climatic risk [14, 15], all factors that contribute 
to food security. Disadvantages include the effort needed 
to identify appropriate cultivars for the system, increased 
labor and management [16], and complex design issues 
[17]. Recent work by Jackson et al. [18] advocates a bio-
diversity-based paradigm shift for agriculture, in which 
the diversity and potential resilience found in traditional, 
ecologically based mixed cropping systems serve as a 
base for improvements in cropping system design.
There are nearly 13 million hectares of common beans 
in production in Latin America and Africa, primarily 
on small farms, and bean–maize systems are the most 
common traditional system in both regions [19]. They 
are an important source of protein and the most impor-
tant grain legume for human consumption in the world 
[19]. In Rwanda, the focal point of this study, beans are 
grown by 85  % of farmers, with an average consump-
tion of 48 kg per capita per year, and at the time of the 
research were second only to bananas in land area under 
cultivation (16  %) [20]. Beans were frequently inter-
cropped with cereals, bananas, or root and tuber crops 
[20]. In the northern region of the country, climbing 
beans were often relay intercropped and broadcast with 
maize or sorghum, whereas in the south bush beans were 
intercropped. In the past few years, agricultural policy in 
Rwanda has begun to discourage intercropping [21].
Cereal–legume-based intercropping systems are also 
arguably one of the most efficient forms of intercrop-
ping due to the nitrogen-fixing properties of legumes, 
which are complementary to the high nitrogen demand 
of cereals [22] and marginal soils. Over the past few dec-
ades a handful of researchers has attempted to breed 
common bean cultivars for these cropping systems [23–
26]. The emphasis has been on genetic improvement of 
the less dominant bean component as many researchers 
have found no reduction of maize yields in intercrops 
[24, 27, 28], although other research has shown a nega-
tive correlation between the yield of both climbing beans 
and maize, with 15–30 % reductions in maize yield when 
intercropped but no reduction in yield in a relay inter-
crop [29].
Selection for performance within an intercrop can 
occur at different stages of the breeding process, but 
there is no consensus among researchers on the optimal 
time. A few studies have explored genotype improve-
ment in the pre-breeding phase and the earliest stages 
of cultivar development [25, 26, 30]. Others reported 
on research initiated at the F4 and F5 generations, after 
a number of traits have been stabilized [23, 31]. Finally, 
selections within intercrops have been made at the end 
of the breeding process with cultivars ready for release 
[32, 33]. Many authors argue on practical grounds that 
selection for the intercrop environment should occur 
with advanced lines rather than early in the breeding 
process which involves a plethora of genetic material to 
screen [23, 26]. At the same time, this may mean missed 
opportunities for improvement as there is evidence in 
both maize [25] and bean [26] that genetic variation for 
competitive ability can be lost when a crop is bred in a 
sole crop environment. However, monetary and logisti-
cal considerations are major deterrents to developing a 
breeding program focused on an intercrop environment.
Farmers have provided additional insights into how 
to test bean varieties for sole cropping. In the late 1980s 
Sperling et  al. [34] conducted groundbreaking research 
in Rwanda that improved bean breeding for low-input 
systems by incorporating expert farmer knowledge into 
the selection of bean genotypes for sole crops. In concur-
rent work, Voss [35] found that bean farmers have par-
ticular methods for testing bean genotypes in different 
environments and cropping systems. He demonstrated 
that Rwandan farmers test a bean genotype in a sole crop 
first and if it performs well in the sole crop, they then 
test it in other environments including low fertility fields 
and broadcast intercrops Voss [35]. This is evidence that 
farmers have unique methods to select genotypes for 
intercropping systems and supports the conclusions of 
some scientists; however, there is limited documentation 
of farmer knowledge regarding specific traits for maize–
bean intercropping system.
Researchers have also attempted to understand the 
mechanisms involved in competitive interactions and 
the extent to which specific traits displayed in a sole crop 
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might distinguish an intercrop competitive genotype 
from a non-competitive one [32, 36]. The yield compo-
nents in a sole crop have been proposed as a method for 
identifying a competitive genotype for the intercrop, but 
much uncertainty remains in this under-studied area. In 
this study, we used PPB focus groups and farmer inter-
views in Rwanda to explore the ways that farmers evalu-
ate climbing bean genotypes in a sole crop and in an 
intercrop with maize. Our objectives were to understand 
how farmers evaluate genotypes in different cropping 
systems and to learn whether there are specific traits that 
farmers associate with improved competitive ability in 
the intercrop.
Methods
Overview
This qualitative study uses two forms of data, (1) on-
farm participatory field trials with discussion groups and 
(2) interviews, to understand farmer knowledge about 
selecting bean genotypes for different cropping systems. 
The participatory plant breeding trials were conducted in 
northern Rwanda with seven farmer associations for two 
growing seasons during 2011–2012. Evaluations and dis-
cussion groups were carried out each season with these 
associations. The agronomic details of the on-farm trials, 
part of a larger study on genotype and cropping system 
interactions, are presented [28] and were an important 
reference point for discussion groups with the farmer 
associations. After the final harvests in 2012, interviews 
were conducted with these same farmers. Informed 
consent and institutional review board approval were 
obtained from Michigan State University (IRB#: x10-
1130), and the names and locations of the farmer associa-
tions remain confidential to protect the participants.
Farmer associations and environments
The research was carried out in the sub-humid tropics 
of Northern Province, Rwanda, at three agroecologies 
(Table  1). Seven farmer associations representing these 
agroecologies (characterized by elevation and edaphic 
features) were selected with the assistance of a local 
organization, Northern Rural Development, which works 
with farmer associations in the region.
Associations were approached to gauge interest in 
participating in planting climbing bean–maize field 
trials, and the purpose and activities of the trial were 
presented to the associations, including the provisions 
that would be supplied for the trial such as the bean 
seed cultivars and fertilizer. For all of the associations, 
there were also at least four workdays (for two planting 
times, PPB evaluations, and harvest) with community 
lunches. For each agroecology, there were two field 
sites in each season except at the Mid site in Season 
A there were three field sites, for a total of 13 repli-
cations of trials and PPB activities over two seasons 
(Table 1).
The three agroecologies, Low, Mid, and High, ranged in 
elevation (1600–2100 m.a.s.l.) and from sandy loam soil 
features to clay loam (Table 2), but there were no notable 
variations in terms of rainfall or temperatures. In addi-
tion to elevation, proximity of field plots to each other 
and similarities in soil characteristics delineated the dif-
ferences between Low and Mid.
Soil fertility varied across agroecologies, where the Low 
sites were of medium fertility with total soil N ranging 
from 0.13 to 0.27 %, Mid sites were the least fertile with 
total soil N between 0.07 and 0.09 %, and high sites were 
the most fertile with total soil N between 0.17 and 0.43 %. 
Soil pH was generally ranged from 5.0 to 6.6, with similar 
Table 1 Demographic information from PPB and interview participants in Northern Province, Rwanda
In some agroecologies, the PPB activities were combined at one trial location. For the demographic information, the values are averages for each farmer association 
site. Overall total and mean with standard deviation in parenthesis are presented. * The Rwandan government developed six poverty categories that range from (1) 
‘abject poverty’ to (6) ‘the money rich.’ Farmer association codes are confidential according to Internal Review Board policies
Agroecology Low Mid High Total
Elevation m.a.s.l. 1671 1805 2059
Farmer association Code LI LL ME MN MP HK HU 7
Trials planted # 2 2 2 1 2 2 2 13
Interviews # 11 7 9 11 3 6 12 59
Participants in PPB # 13 13 13 20 59
Demographic information Mean
Age Years 48 58 48 45 31 38 47 46 (13)
Education Years 5 1 4 6 4 3 6 4.3 (3.0)
Poverty class* 1–6 4 4 3 3 4 3 4 3.3 (0.9)
Household <18 # 5 4 6 6 4 6 6 5.4 (2.3)
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pH in the Low and High sites (6.2–6.8) and lower pH in 
the Mid sites (5.0–5.5) (Table 2).
The region has a bimodal rain distribution with two 
rainy seasons in one year, and yearly rainfall ranges from 
1300 to 1600  mm. Trials and PPB activities were con-
ducted during Season B 2011 and Season A 2012. Season 
B is the period of ‘long’ rains occurring from late Febru-
ary through June, and Season A is the period of ‘short’ 
rains occurring from early September through December.
Agronomic trial description
Farmer associations in each environment grew two crop-
ping systems planted in a randomized complete block 
design (RCBD): a sole crop of climbing beans (SC) and 
a bean–maize intercrop (IC). These were single repli-
cate trials with replication across environments. In each 
cropping system, six bean genotypes (five genotypes plus 
one bean mixture) were planted, for a total of 12 plots. 
Individual plots within the block were 3.0  m  ×  4.0  m 
with uniform spacing between plots (0.75 m). According 
to farmer practice, the maize was planted first and the 
beans were planted 29–31 days later. Beans were planted 
in both systems at the same time. Farmers managed tri-
als throughout the seasons, and fertilizer was applied 
according to farmer practice. In-depth details of the trial 
design are available [28].
The SC was planted according to the Rwanda Min-
istry of Agriculture regional recommendations, and 
all bean plants were staked according to farmer prac-
tice. Between-row spacing was 0.50 m, and the distance 
between each plant within the row was 0.20  m. Two 
seeds were planted per hole for a total bean population 
of 200,000/ha.
The IC design and plant density were based on input 
from farmers and Rwandan scientists. Beans and maize 
were planted in the same row, and there were two bean 
plants for each maize plant. Between-row spacing was 
0.75 m, and in-row spacing for beans was 0.1 m and for 
maize was 0.3  m. Beans were planted on either side of 
the maize to facilitate bean climbing of maize stalks. The 
maize and bean populations in the IC were 44,400 and 
106,700 plants/ha, respectively, for a total plant popula-
tion 151,100/ha.
For grain yield, the entire plot was harvested and 
weighed. Moisture content was determined on all grain 
using a moisture meter and corrected to 12 and 15.5  % 
for beans and maize, respectively (Table 3).
Maize and bean genotype descriptions
The maize cultivar (Pool9A) used for all trials was a ubiq-
uitously grown open-pollinated maize genotype origi-
nally selected for the Volcanic Highlands of Rwanda. It is 
in the class of Highland Late White Dent maize [37].
A plant breeder and the first author chose climbing 
bean genotypes for this study from the Rwerere Research 
Station in Northern Province, Rwanda. Four of the gen-
otypes were cultivars to be released in 2012 (Gasilida, 
RWV 3006, RWV 2070, RWV 3316), one was released in 
1991 (Ngwinurare), and there was a farmer-selected mix-
ture of genotypes (FarmMix) unique to each association 
(Table 4). The genotypes varied in origin, with four of the 
cultivars incorporating germplasm developed at CIAT, 
an international center for bean improvement based 
in South America, the farmer derived mixture, and the 
other (Gasilida) a stabilized version of a Rwanda farmer-
developed cultivar. Ngwinurare and the FarmMix were 
grown widely across the region, and the other genotypes 
were new to most farmers. All of the beans were large-
seeded Andean-type cultivars except FarmMix, but they 
varied in terms of color, days to maturity, yield, and 100-
seed weight (Table 4). Estimated yields (from the Rwanda 
Agriculture Board) ranged from 3.80 to 4.25 mt/ha.
FarmMix varied across all sites in terms of composition 
(3–10 different seed types), seed size, and the number of 
beans in the mixture. The seed types ranged from small 
to large, usually within the same mixture. Each asso-
ciation chose their own bean mixture. The median and 
mean number of genotypes per mixture was six.
Qualitative data
PPB discussions
The PPB evaluation and discussion activities were con-
ducted at physiological maturity with each farmer asso-
ciation in their own agroecology. These activities were 
carried out in the following manner. First, there was a 
discussion with the farmers to understand what they look 
Table 2 Characterization of agroecologies
Soils were collected from the 15-cm topsoil depth each season in 2011 and 2012 in Northern Province, Rwanda. Data presented are averaged (std error) across trials 
sites for each agroecology
Agroecologies Elevation Soil type Clay Sand Total N Organic C Bray-P Soil pH
Unit m.a.s.l. Texture % % % % ppm
Low 1671 Sandy loam—silt loam 9 (0.7) 50 (18) 0.2 (0.1) 2.2 (1) 94 (32) 6.4 (0.2)
Mid 1805 Sandy clay loam—clay loam 31 (5) 39 (11) 0.1 (.03) 0.93 (0.4) 6 (5) 5.2 (0.2)
High 2059 Silt loam—loam 16 (8) 34 (5) 0.3 (0.3) 2.93 (3) 10 (6) 6.2 (0.5)
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for when evaluating bean varieties in the different sys-
tems. These discussions and criteria informed the evalu-
ation of the genotypes and the analysis of the PPB focus 
groups. Second, focusing on a single cropping system at 
a time, the farmers walked through the field in their own 
agroecology and examined genotype performance. Third, 
after this walk-through inspection, the farmers voted 
anonymously with colored ribbons for their preferred 
genotypes for that one system. These votes were then tal-
lied and visually displayed for each genotype. Finally, an 
open-ended discussion followed in which farmers were 
asked what they liked and disliked about each genotype 
in this system, with emphasis on understanding which 
traits were important. The exact exercise was repeated 
for the remaining cropping system. The order in which 
the cropping systems were voted on and discussed was 
random. Care was taken to hear comments from both 
men and women, although there were more women than 
men in all of the PPB activities.
PPB was carried out both seasons, but the results pre-
sented here were from the second season discussions 
(Season A) because it was expected that farmers’ obser-
vations were cumulative, building on experience and 
observations from the first season (including cooking 
and tasting of the varieties). The first author and the same 
research assistant facilitated all activities in the local lan-
guage with direct translation as needed. Two enumera-
tors were present during all PPB activities and recorded 
the comments from farmers and later translated into 
English from the handwritten notes.
Table 3 Bean yield averaged across sites and seasons in each agroecology
Agroecology Genotypes
Gasilida RWV 3006 RWV 2070 RWV 3316 Ngwinurare FarmMix Mean
Sole crop yield (Mt/ha)
 Low 3.4 2.7 2.5 2.6 2.9 2.8 2.8
 Mid 1.0 1.4 1.8 1.6 1.5 1.6 1.5
 High 3.4 2.7 3.6 2.8 2.1 2.8 2.9
 Mean 2.6 2.3 2.6 2.3 2.2 2.4 2.4
Intercrop yield (Mt/ha)
 Low 1.6 1.1 1.1 1.2 1.2 1.2 1.2
 Mid 0.5 0.4 0.5 0.6 0.8 0.6 0.6
 High 1.2 1.0 1.3 1.2 1.0 1.5 1.2
 Mean 1.1 0.8 1.0 1.0 1.0 1.1 1.0
Table 4 Characteristics of bean cultivars evaluated in PPB trials during 2011–2012 in Northern Province, Rwanda
Source is official release information from the Rwanda Agricultural Board (RAB)
CIAT International Center for Tropical Agriculture
* These varieties are considered biofortified with Fe and Zn
Characteristics Genotypes
Gasilida RWV 3006 RWV 2070 RWV 3316 Ngwinurare FarmMix
Farmer name Gasilida Umweru Kaki Umutuku Ngwinurare Imvange
Origin Farmer CIAT/RAB CIAT/RAB CIAT/RAB CIAT/RAB Farmers
Release date 2010 2012 2010 2012 1991 N/A
Germplasm Improved landrace Improved Improved Improved Improved landrace Mixture of landraces
Days to maturity 93 120 110 110 93 90-105
Seed color Purple White Beige Red Kidney Mix
100-seed weight (g) 48.3 52.0 53.6 52.0 49.2 46.9
Flower color Pink white White Pink Pink Pink Purple pink white
Yield (mt/ha−1) 4.25 3.8 4.25 4.0 4.24 Variable
Disease resistance Anthrac-nose, root 
rot, rust
Anthrac-nose, root 
rot, BCMV
Anthrac-nose, root 
rot, BCMV
Anthrac-nose, root 
rot, BCMV
Root rot, BCMV Unknown
Fe (ppm) 65 73* 65 95* 65 Unknown
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During the second season there were 5 discussion 
groups with a total of 59 participants present for the PPB 
activities, and these were the members of the farmer 
associations that planted the field trials; approximately, 5 
members were not present. There were 13 farmers from 
the Low environment, 26 at the Mid, and 19 at the High 
(Table 1). In Low, PPB discussions were held in one loca-
tion with farmers from both associations; likewise for 
Mid, except MP in which the discussion and evaluation 
were conducted at MP; in High the discussions were held 
in both sites with the farmers from both associations. In 
the High, both farmer associations evaluated both field 
sites because the environments were distinct: One site 
was in the valley with richer soil, and the other was on a 
steep-sloped hillside with eroded soils. This variation in 
methodology was due to farmer preference, agroecolo-
gies, quality of the demonstration field, and logistics.
PPB discussion analysis
The recorded comments from the PPB discussions (SC 
and IC) in Season A were coded using emergent themes 
[38] to answer the question: ‘How do farmers evaluate 
genotypes?’ In the first phase of coding, patterns and 
traits that farmers discussed were identified. From this 
phase, it became clear that when farmers discussed most 
factors, such as adaptation, pod size, or birds eating the 
flowers, they typically included explanations of how this 
affected yield. In order to understand the factors other 
than yield behind farmers’ comments, yield was consid-
ered separately. In this second phase of coding where 
yield was considered separately, farmers’ evaluation of 
genotypes fell into 13 themes (Table 5; Fig. 1) that were 
clustered into six larger categories of yield, plant traits, 
adaptive qualities, market and labor attributes, nutri-
tional and cooking quality, and other. The themes plant 
traits and adaptive qualities are presented in Table  6. 
Men and women’s comments in each theme and each 
genotype were tallied, and frequencies were calculated 
for each theme and cropping system (Table 5; Fig. 2).
The text from the PPB discussion groups was also ana-
lyzed for each genotype. A text summary was written 
to encapsulate farmers’ comments about each particu-
lar genotype using the same themes. Salient comments 
from these summaries were placed in a thematic table 
(Table 6). Direct quotes and text summaries were used to 
support analysis in both the results and methods.
Interviews
At the end of the second season the first author and 
same research assistant conducted individual interviews 
with members of the farmer associations. A specific por-
tion of this interview is presented and analyzed here. 
The interview included demographic information and 
three open-ended questions about how farmers identify 
genotypes for an intercrop cropping system, building 
on the information learned from the PPB focus groups 
and informal on-going discussions. The questions were 
designed to learn whether farmers believe there are plant 
traits that improve performance in the intercrop and if 
so, to explain what those traits are and how they improve 
performance. The three questions asked of participants 
were:
1. In general, according to your observations, are there 
plant characteristics in a bean genotype that make it 
better for an intercrop? If so, what are they?
2. Which bean genotype or mixture from our research 
do you think is the best in an intercrop with maize?
3. Why was it the best in the intercrop? Do you have 
any observations about the genotype that made it do 
better in the intercrop?
From the participating farmer associations, 59 inter-
views were obtained that met quality standards (61 
people were interviewed), including two association 
members that did not participate in the PPB activities.
Interview data analysis
Descriptive statistics were used to analyze the demo-
graphic data from the interviews, and averages were cal-
culated and presented by farmer association community 
(Table 1).
The short-answer questions from the individual inter-
views were coded using emergent themes [38] to answer 
the question, ‘Are there specific characteristics farmers 
look for when selecting genotypes for an intercrop?’ Text 
summaries were written for each theme (Table  7). The 
themes that emerged were comparisons, experimenta-
tions, trait-based competitive ability, intrinsic competi-
tive ability, management, and adaptation. Again, direct 
quotes and text summaries were used to support analysis 
in both the methods and results (Table 7).
Results
Demographics of farmer association members
The farmer demographics varied somewhat across envi-
ronments in terms of age, years of education, and poverty 
level (Table 1). In general, the farmers from the Mid and 
the High were the most similar. The Rwandan govern-
ment established 6 poverty categories that range from a 
score of 1—‘abject poverty’ to 6—‘the money rich’ [39]. 
In this study ‘class’ was based on these categories and 
was self-reported (Table 1). Farmers were poorest at the 
Mid environment with a mean class of 3 or ‘the poor,’ and 
farmers in the Low and High environments were a mean 
class of 4 or ‘the resourceful poor.’ Average landing hold 
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size ranged from 0.3 to 1.0 ha. Farmers in High had the 
most land, and Farmers in Low had the least. The gender 
composition of the farmer associations was mixed, and 
participants overall included more women (43 women 
and 16 men in the PPB discussions and a similar dis-
tribution in the interviews). In Rwanda, there is mixed 
information if beans are considered specifically a wom-
en’s crop but previous work identified women as bean 
experts [34] and this likely was part of the reason women 
were more than represented in the farmer associations 
identified with the partner NGO. When asked directly, 
both men and women stated the crops were shared 
responsibilities.
Thematic categories from PPB
The data from the PPB open-ended discussions dem-
onstrated farmer knowledge of traits associated with 
genotype suitability for an intercrop. Six major thematic 
categories of trait farmers use to select bean genotypes 
in any cropping system emerged from the PPB discus-
sion data (Table  5). In order of frequency the major 
themes were as follows: yield, plant traits, adaptive qual-
ities, nutritional and cooking quality, market and labor 
attributes, and other. Within each thematic category 
were other themes, which are discussed and defined 
below.
Yield theme
Across both systems, the most commonly mentioned 
trait was yield (mentioned 128 times) (Table  5) and it 
was inseparable from discussion of other traits. Farmers 
almost always discussed how yield was affected by other 
themes such as plant architecture, competition, and adap-
tation. For example, farmers associated plant traits such 
as pods/plant and seed weight with production, as in this 
quote about Ngwinurare: ‘There are enough pods and big 
seeds inside which leads to adequate production which in 
turn increases the farmer’s welfare.’ Thus, this quote was 
included in the themes ‘yield’ and ‘plant architecture.’ In 
the SC, men and women mentioned yield with nearly 
the same frequency (25 and 27 %, respectively), while in 
the IC, men discussed yield 30 % of the time and women 
discussed it 24 % (Table 5). Yield was an essential attrib-
ute, and sole crop bean yields were often more than dou-
ble that of intercrop yields, but parallel research to this 
revealed that farmers also valued other features of inter-
crops: the ability to harvest more than one crop from lim-
ited land, nutritional diversity, marketability of diverse 
products, community sharing, and reduced risk [21].
Plant traits theme
After yield, the most common thematic category 
was plant traits, which included the themes ‘plant 
Table 5 Frequency of  themes discussed by  farmers in  PPB discussion groups conducted in  2012, Northern Province, 
Rwanda
Absolute values reported here are based on thematic coding of recorded discussion groups. There were 16 men and 43 women participants (n = 59)
Thematic categories Themes Sole crop (SC) Intercrop (IC) Total SC + IC
Women Men Total Women Men Total
Yield Yield 35 23 58 43 27 70 128
Plant traits Plant architecture 6 8 14 23 7 30 44
Maturity 15 4 19 12 9 21 40
Pest and disease 8 6 14 9 7 16 30
Total 29 18 47 44 23 67 114
Adaptive qualities Competition 3 1 4 20 8 28 32
Adaptation 15 11 26 17 10 27 53
Total 18 12 30 33 18 55 85
Nutritional and cooking quality Nutrient qualities 11 3 14 5 4 9 23
Cooking qualities 18 10 28 15 5 20 48
Total 29 13 42 20 9 29 71
Market and labor attributes Market 13 11 24 11 5 16 40
Labor and stakes 6 1 7 9 1 10 17
Total 19 12 31 20 6 26 57
Other Life-span 5 5 10 6 4 10 20
Information 4 0 4 5 4 9 13
Aesthetic 1 1 2 2 0 2 4
Total 10 6 16 13 8 21 37
Total 140 84 224 177 91 268 492
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architecture,’ ‘maturity,’ and ‘pest and disease’ issues 
(Fig.  1). Within the theme ‘plant architecture,’ farmers 
commented on plant attributes that included yield com-
ponents such as pods/plant, seeds/pod, seed size; posi-
tions of pods on the plant, vine thickness, the quantity 
of flowers, plant height, and biomass. For performance 
within the SC, 14 farmers used plant architecture as a 
way to describe their acceptance or rejection of a geno-
type, while in the IC, twice the number of farmers, 30, 
referred to plant architecture (Table  5). Farmers pre-
ferred genotypes in the IC that had pods starting from 
the bottom of the plant and growing to the top (Gasilida 
and RWV 3316). Genotypes that were very tall or over-
grew the maize were problematic (RWV 3006 and RWV 
2070) as were pods with few seeds.
The plant trait theme ‘maturity’ referred to the length 
of time to plant maturity. Farmers mentioned maturity 
40 times in both cropping systems (Table  5). Farmers 
preferred short-duration genotypes (Gasilida) but liked 
some genotypes so well (RWV 2070) they were willing 
to accept the longer time to maturity. They conferred 
that short-duration genotypes were good at ‘fighting 
hunger,’ while they wait for the maize harvest and com-
plained about some genotypes (RWV 3006, RWV 2070, 
and RWV 3316) taking too long in the field. In the IC, the 
longer time to maturity increased competition according 
to some: For example, ‘(RWV 3006 in the IC) takes a long 
time to mature which leads to increased competition 
between beans and maize and lowers production.’ Several 
farmers commented on different stages of maturity in 
the FarmMix being problematic: ‘Imvange has different 
maturing stages due to different types of seeds that are 
grown together, making it difficult to harvest (at once).’
‘Pest and diseases,’ the final theme in the plant traits 
category, was defined as the presence (or lack of ) or 
resistance to disease or pests. It was mentioned 30 times 
in both cropping systems (Table  5). A major concern 
for farmers in most of the genotypes was the attractive-
ness of the bean flower to birds. Farmers complained 
that birds eat the flowers, which in turn reduce the yield. 
Genotypes Gasilida, RWV 3006, and RWV 2070 were the 
most affected by birds, whereas RWV 3316 and Ngwinu-
rare were minimally affected and FarmMix was not at all. 
Damage from birds was reduced in the intercrop. A few 
farmers said that Gasilida, RWV 3006, Ngwinurare, and 
FarmMix were generally affected by disease.
Adaptive qualities theme
Adaptive qualities, which include the themes ‘adaptation’ 
and ‘competition,’ were mentioned 85 times, although 
more frequently in the IC (55) than in the SC (30) (Fig. 1). 
Adaptation was defined as the ability to adapt to the 
region in terms of climate, soil types and soil fertility, cli-
mate, weather (wind and rain), and different seasons. It 
was mentioned 26 times in the SC and 27 times in the IC 
(Table 5).
Competition was defined as comments about the 
two crops or genotypes competing with each other for 
resources. This category included issues such as shad-
ing, maturity, and plant architecture when the farmer 
referred explicitly to those issues in relationship to com-
petition. Competition was mentioned 4 times in the SC 
and 28 times in the IC (Table  5). This indicates greater 
farmer concern for competition between species (in the 
IC) than competition within a species (SC).
Nutritional and cooking quality theme
The thematic category nutritional and cooking qual-
ity was discussed a total of 71 times across both crop-
ping systems (Table 5; Fig. 1). This category included the 
themes ‘nutritional qualities’ and ‘cooking qualities.’
The theme ‘nutritional qualities’ included any text that 
referred to food attributes relating to calories, protein, or 
sustenance for the human body in terms of nutrients. In 
other unrelated works, these farmers have been exposed 
to campaigns on iron and zinc biofortified varieties and 
the protein value of beans. Farmers discussed the nutri-
tional value of genotypes approximately 11 times in 
either cropping system (Table 5). For example, a farmer 
said of RWV 3006, ‘It’s full of protein, calories and vari-
ous vitamins for the body.’
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Fig. 1 Relative frequency of emergent thematic categories from PPB 
discussions (n = 59) conducted in 2012, Northern Province, Rwanda
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The theme ‘cooking qualities’ was applied when the fla-
vor of the beans or leaves was discussed, when farmers 
commented about the time it takes to cook the beans, 
or if the beans require more or less firewood (Table  5). 
Farmers mentioned cooking qualities approximately 24 
times in either system. They said genotypes RWV 2070, 
RWV 3006, and Ngwinurare required less fuel to cook, 
whereas the farmer mixture took more time to cook 
because some beans were ready, while others needed 
more cooking time. Farmers liked both the beans and 
leaves for various reasons. For example, ‘It tastes so sweet 
and fresh leaves fight hunger’ and it ‘gives less difficul-
ties to cook because it is not very hard by nature,’ e.g., the 
seed is not hard.
Market and labor attributes theme
Farmers discussed market and labor attributes 57 times 
overall and an average of 28 times in either cropping sys-
tem (Fig. 1). This category included the themes ‘market’ 
and ‘labor and stakes’ (Table 5). The theme ‘market’ was 
applied when farmers mentioned the value of the geno-
type on the market. For example, farmers complained 
about a genotype being less well known on the mar-
ket (RWV 2070) or it being highly valued on the mar-
ket (most genotypes). The theme ‘labor and stakes’ was 
defined as references to a specific trait that increases or 
decreases the required labor to produce the genotype 
or to stakes, which are a labor-intensive and a resource 
issue. For example, farmers complained that RWV 2070 
was so tall and strong that it required larger stakes, 
which were difficult to find. Or, in reference to FarmMix, 
farmers said that it required more labor during harvest 
because the genotypes matured at different times. There 
were on average 8.5 comments in either system about 
labor or stakes (Table 5).
Other theme
The final thematic category of ‘other’ includes vari-
ous themes that did not have many comments. These 
include the themes ‘aesthetics,’ ‘information,’ and ‘life-
span’ (Table  5). Farmers discussed these themes evenly 
between the cropping systems for a total of 37 times 
(Fig. 1). A handful of farmers mentioned the color of the 
beans. The theme ‘information’ referred to comments 
that said there was or was not enough information about 
the genotype. Farmers related this lack of information 
back to the value on the market or an inability to grow 
the genotype properly (Table 5).
Gender analysis of themes from PPB
There were differences between men and women’s com-
ments by cropping system. In the SC, women discussed 
plant maturity and labor issues more than twice as much 
as men (Fig.  2). Women find and maintain stakes for the 
beans, and they are a limited resource. In the SC, men 
focused on plant architecture, market attributes, and adap-
tation more often than women. In the IC, women’s com-
ments were focused on plant architecture and competition, 
while men were more concerned about plant maturity, pest 
and disease, and slightly more about adaptation (Fig. 2).
Genotype preference from PPB
Gasilida was favored across sites and was generally the 
best yielding (Table  2). Multiple farmers from all of the 
agroecologies liked that Gasilida produced pods from the 
bottom of the plant to the top and that there were very 
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Fig. 2 Relative frequency of specific themes from PPB discussions with men (n = 16) and women (n = 43) conducted in 2012, Northern Province, 
Rwanda. Note This figure includes only themes relevant to performance or issues associated with the cropping system (yield is excluded)
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big and long pods. Farmers said these traits increased 
production and improve the standard of living. Farm-
ers from all of the environments said that Gasilida does 
well in the maize by either resisting rainfall (presumably 
referring to disease resistance under wet conditions), by 
not outcompeting the maize, or by not overcrowding the 
maize (Table 6). However, farmers also said Gasilida was 
problematic for disease and pests (birds). Many farmers 
from all of the environments said that Gasilida tastes very 
sweet and has various nutrients, which are necessary for 
the human body, and it provides great support to the 
body because of its calories and proteins. Farmers from 
each environment said it was highly valued on the market 
due to these qualities.
RWV 3006 was less preferred across sites. Most com-
ments about RWV 3006 from farmers were concerns 
about the plant architecture and competition with maize. 
Farmers from all of the environments said that RWV 
3006 does not mix well with maize because it competes 
with maize for light, it takes too long to mature which 
increases competition, and it overcrowds the maize with 
many leaves. Farmers also did not like that the pods tend 
to grow up high but not at the bottom of the plant. There 
were problems with birds eating the bright flowers, and 
farmers in the Mid found that RWV 3006 was not resist-
ant to rain and heavy rainfall caused damage to it. In the 
Low, farmers said it grew poorly from the beginning. 
There were comments from each environment about 
RWV 3006 not being well known which caused problems 
for marketing or handling.
There were mixed reviews of RWV 2070 across sites. 
Farmers from the Mid said that RWV 2070 grew well in 
the SC with long pods and many seeds, but in the Low 
farmers said the opposite. In the IC, some farmers said 
RWV 2070 grows taller than the maize, overcrowds it, 
or there are empty pods and too much biomass, reduc-
ing the yield of both crops. The bright pink flowers 
attract birds, which eat the flowers. Farmers from all the 
environments said that it takes too long to mature and 
does not help fight hunger. Farmers also complained 
about a lack of resistance to rainfall and insufficient 
adaptation to climate variation. Concerns were also 
expressed about it not being known on the market, so 
not highly valued.
Farmers from all of the environments said that RWV 
3316 performed well in the IC because there was less 
competition with the maize and it produced many pods, 
ensuring production of both crops. However, they said 
it ‘takes a long time to mature which exposes farmers to 
prolonged hunger if they only relied on this one geno-
type.’ Farmers found it was not resistant to infertile soils 
in the Mid, and a few from each environment said it did 
not resist rain. All farmers agreed it tasted sweet and it 
has various nutrients for the human body.
There were mixed reviews about Ngwinurare across 
sites. In the High farmers agreed Ngwinurare does not 
grow well in either system. They said they did not like 
the genotype because it does not resist rainfall, it is out-
competed by the maize, and it easily succumbs to disease 
in the field. In the Mid farmers had mixed opinions but 
were generally positive about Ngwinurare. Farmers in the 
Low and Mid said it has big, long pods in both systems 
and a short maturation time. Some of these farmers said 
Ngwinurare was unaffected by the rain, unlike other cul-
tivars, while other farmers said this cultivar did not grow 
well on infertile soils. Farmers from all the environments 
said it tasted sweet, and a few said it had important quali-
ties for the human body.
Farmer assessment of suitability for an intercrop 
from interviews
Data from the interviews were used to determine 
whether and how farmers identify genotypes for growth 
in an intercropping system. Emergent analysis of the 
short-answer questions showed that farmers used various 
forms of observation and comparison between genotypes 
to determine the suitability of a genotype for the inter-
crop system. The interview data revealed that they did 
these types of comparisons and experimentation previ-
ously, in addition to the context of participating in these 
PPB trials.
From the 59 interviews, it was found that farmers from 
all of the environments consider up to five factors when 
determining the suitability of a genotype for an intercrop 
(Table  7). These factors were as follows: universal plant 
traits, trait-based competitive ability, intrinsic competi-
tive ability, adaptation, and management. Farmers said 
they look at traits and assess the bean plant with the same 
traits they would consider in a sole crop (universal plant 
traits), or they associate certain traits with competitive 
ability in the intercrop (trait-based competitive ability). 
In addition to traits, farmers indicated that genotypes 
might have an inherent quality that makes them com-
petitive in the intercrop (intrinsic competitive ability). 
Farmers said they also consider management strategies 
(management) and adaptation to the environment (adap-
tation) when identifying suitable genotypes (Table 7).
Universal and trait‑based competitive ability from interviews
The theme ‘universal plant traits’ was discussed by 80 % of 
the farmers in the short-answer interviews. This included 
references to plant traits such as pods/plant, seeds/pod, 
and plant height. This theme was applied when farmers 
indicated they identified a genotype by looking at these 
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types of traits, which can be used to assess genotype per-
formance in any type of cropping system (Table 7).
The theme trait-based competitive ability was applied 
when farmers linked the plant trait to competitive abil-
ity; this occurred in interviews with 56 % of the farmers. 
Competitive ability traits included competition for light, 
plant height and competition, and plant architecture 
and competition (Table 7). Farmers related the quantity 
of leaves to competition. Examples include ‘Gasilida was 
growing well to the maize. The leaves are not too many 
which helps avoid competition to the maize, but they also 
weren’t too few’ and ‘Gasilida doesn’t have many leaves…
so the sunlight can penetrate through to the plants.’ 
Another farmer also said leaves near the bottom of the 
plant are important for light competition: ‘the leaves 
don’t avoid the sunlight (and are able to) penetrate to the 
ground.’
Farmers expressed concern about plant architecture 
that was too competitive in the intercrop and stated plant 
height and pod weight at the top of the bean plant caused 
the plant to fall over, or lodge. They said genotypes such 
as RWV 3006 ‘overcrowd’ the maize with ‘too many pods 
on top’ and RWV 2070 overgrew the maize and reduced 
competitive ability. A farmer in High said, ‘Kaki creeps 
longer on the top of maize thus leading to difficulties in 
harvesting both maize and beans.’ In contrast, Ngwinu-
rare was appreciated for its shorter stature, ‘Ngwinurare 
doesn’t make competition to the maize and the maize 
doesn’t compete with the beans because it doesn’t have 
too many leaves and the stems are not big. If I compared 
Ngwinurare with kaki, kaki is tall and grows beyond the 
maize and can make it fall down. Ngwinurare will not 
and doesn’t grow that tall.’
There was mixed evidence about the effect of the girth 
of the bean vine on the maize plants. Some farmers said 
thin or small vines were better for competition, ‘Imvange 
(FarmMix) also doesn’t make competition to the maize in 
terms of making it fall down because the stems aren’t big’ 
but others said that a thick stem was good in the inter-
crop (you can tell a genotype is good in the intercrop 
when) ‘the beans grow well to the maize—when the stem 
is big, there are more pods, and there are fresh beans. 
When the pods are long.’
Intrinsic competitive ability from interviews
While over half of farmers mentioned trait-based com-
petitive ability, about 30  % also referred to an intrinsic 
competitive ability they observed (Table  6). Intrinsic 
competitive ability was defined as an innate quality of 
the genotype that enabled it to ‘grow well to the maize’ or 
‘resist the maize’ and when questioned further, farmers 
did not associate certain traits with this ability to resist 
the maize. They considered it a separate quality from 
other traits. For example, a farmer from Mid said, ‘Gas-
ilida grows well to the maize and produces fresh beans 
from the ground to the top and has more pods’ and a 
farmer from High said, ‘Some genotypes can resist being 
close to the maize, others cannot.’ This intrinsic ability 
may be related to genetic variation in competitive ability 
or a genetic resistance to disease. A farmer in High elabo-
rated on what she meant by an ability to resist: ‘When a 
bean can resist in the maize. When the rain stops there 
are drops from the maize onto the beans that some beans 
resist and some beans don’t…Some genotypes can resist 
being close to the maize, others cannot.’ Other farmers 
made similar points, ‘It is better in the maize and it is 
good to eat. I don’t know why it does well in the maize, I 
just tried it to find out.’
Adaptation to environment from interviews
The concerns farmers expressed in the interviews about 
adaptation were very similar to what emerged from the 
PPB discussions (Tables 5, 6). The theme adaptation was 
applied when farmers referenced the genotype adaptabil-
ity to the region, either edaphic or climate features, and 
was an important consideration when identifying geno-
types for the intercrop. Twenty-four percent of farmers 
discussed adaptation in the interviews. Often Gasilida, 
Ngwinurare, and FarmMix were singled out for this fea-
ture in relationship to the local environment. For exam-
ple, a farmer said, ‘Gasilida is good in the intercrop, RWV 
3006 is good in the sole crop. Gasilida and Ngwinurare 
can grow anywhere, in each place, but the others can only 
grow in the good places’ and ‘When some of the beans 
survive it means they have resistance to the soil, the 
beans are used to the soil.’ Farmers also discussed some 
genotypes having resistance to the rain or the particular 
season, ‘It also depends on the type of variety—there are 
types that are better for each period.’
Management strategies from interviews
Forty-seven percent of respondents considered manage-
ment important in intercropping systems, but diverse 
opinions were expressed. Some farmers were inclined to 
manipulate plant density, timing of planting, and plant 
type (Table  7). In terms of plant density, many farm-
ers were in agreement about increasing the spacing in 
the intercrop. For example, a farmer in Low said that an 
intercrop is better ‘When there is different spacing than 
now. When the space is big the competition is lower and 
then there is good production for both. Due to good 
spacing, working inside is easy.’ Farmers had different 
opinions about when to plant the beans, varying from 2 
to 4 weeks after maize planting. One farmer summarized 
the concept well, ‘When given (the right) time between 
planting, light can make it through to the beans.’
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Discussion
Genotype evaluation
Farmers evaluated genotypes for intercrops through 
observations in the field, experimentation, and compari-
sons with other varieties. Almost every farmer from the 
interviews discussed several of five thematic attributes 
that effect genotype performance, and the themes were 
repeated in all environments. Researchers have also 
evaluated genotypes intended for an intercrop by experi-
menting with management strategies and using plant 
traits such as yield, pods/plant, or flower set [32, 40], 
but no clear picture has emerged on which morphologi-
cal traits, or combination of traits, are the most impor-
tant for bean–maize intercrop system. Farmers’ strategies 
both confirm researchers’ findings and lend new insights 
into how to identify genotypes for intercrop systems, 
supporting the notion that there are ‘significant extra 
benefits’ for farmers and scientists engaging in collegial 
partnerships [1].
Farmer insights into genotype evaluation strategies for 
different types of cropping systems were learned from 
the PPB discussions. Participants focused on different 
traits when they were evaluating germplasm for sole crop 
than for intercrop, and this varied with gender (Fig.  2). 
Farmers discussed plant architecture and adaptive quali-
ties including competition, more frequently in the inter-
crop than in the sole crop (Fig. 1), and specifically women 
increased focus on plant architecture, whereas for men 
the importance of this factor was more similar between 
cropping systems. In the intercrop, men focused more 
on maturity. Some of these differences may be explained 
by the roles of men and women in field activities. While 
men may be more in control of harvest and purchasing 
inputs for issues such as disease and pests, women are in 
charge of collecting stakes for sole crop beans; and weed-
ing, especially in densely planted intercrops [28]. Thus, 
women may be spending more intimate time in the bean 
fields and have more experience with types of plant archi-
tecture. These different perspectives add to our under-
standing of improved genotype performance in specific 
environments, and a comprehensive and accurate assess-
ment of variation in knowledge systems requires gender-
balanced analysis [41]. Indeed, from the discussions of 
plant traits an ideotype for intercrop varieties emerged 
inclusive of time to maturity and necessary plant attrib-
utes and an analysis exclusive of one group would have 
lost these valuable insights. Nonetheless, this study might 
have been strengthened with a more balanced represen-
tation of men.
Plant traits
There has been work attempting to identify plant traits 
that correlate with better performance in the intercrop 
[42]. But besides yield components such as pods per 
plant, there is no clear story on which plant traits are best 
in the intercrop. In this study, a region where intercrop-
ping was ubiquitous and farmers have a long history of 
intercropping multiple different crops including beans 
and maize, farmers have criteria concerning which plant 
traits are important in an intercrop. These included char-
acteristics such as columnar plant structure, plant height, 
leaf biomass, and stem thickness.
Farmers stated in the PPB discussions that shorter bean 
plants with a columnar plant type, where pods are set 
evenly from top to bottom, were preferred for an inter-
crop because taller plants overgrew the maize. More vig-
orous plant types can cause lodging of the maize plant, 
which can be further antagonized if the pod load is con-
centrated at the top of the plant. In accordance with these 
farmer observations, others found that there were mini-
mal genotype by cropping system interactions in bush 
bean–maize intercrops [30] and in bush bean–banana 
intercrops [43], indicating that the short-statured plant 
was less affected by the cropping system environment. 
Type IV climbing beans can have as much as three times 
the yield as bush beans and fill distinct niches in high-
land systems [44]. The identification of genotypes, such 
as Gasilida and Ngwinurare, that have restricted height 
but still maintain the higher yield advantage of a climb-
ing bean, is an important finding for developing intercrop 
cultivars.
Farmers in this study identified light competition as a 
critical variant in genotype performance and associate 
this with both plant height and leaf biomass. Farmers 
associated less leafy biomass with improved competitive 
ability and agree across the environments that there is an 
optimal amount of leaves that ensures a harvest of both 
crops. One advantage of intercrops is the potential for 
increased light-use efficiency [45], and collective infor-
mation from this study indicates there is an optimal plant 
structure that correlates with this competitive ability. 
As documented here, farmers reported that ideal geno-
types had more leaves and pods at the base and a balance 
between sufficient leaves for plant growth while still ena-
bling sunlight to penetrate. Baudoin et al. [42] and Davis 
and Woolley [46] have suggested this, although we are 
not aware of an ideal climbing bean structure for inter-
crops identified by researchers.
In all of the environments, farmers said the thickness 
of the bean stem and the vine was an important deter-
minate of adaptability to the intercrop, but there were 
mixed views on whether it effected the plant physically or 
competitively. Some farmers associated a thick stem with 
lodging, while others said a smaller stem reduced com-
petition with the maize plant. There is limited informa-
tion from the literature indicating there is a preferable or 
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advantageous stem thickness, although in a review Bau-
doin et al. [42] stated the probability of finding genotypes 
with a high harvest index and good yield depends on the 
plant architecture, and in Honduras, farmers involved in 
PPB processes, not surprisingly, identified thick stems as 
an ideal bean trait for bush beans [1]. Studies have looked 
at bean plant types and maize lodging, but to our knowl-
edge there is no information on the effect of stem size on 
competition.
Intrinsic competitive ability
Evidence from both PPB discussions and the interviews 
highlighted that farmers identify an intrinsic competi-
tive quality in bean genotypes (namely in Gasilida). This 
trait improves genotype performance in the intercrop, 
and some farmers stated they test the genotype by grow-
ing it in an intercrop to determine whether it has this 
quality. Breeders have found that competitive ability is a 
highly inherited trait in climbing beans [42], and farmers’ 
conclusion that there are intrinsically competitive geno-
types supports this argument. Other researcher-led trials 
have found evidence that there are genetic qualities that 
improve the competitive ability of a bean genotype in the 
intercrop. O’Leary and Smith [47] and Muraya et al. [24] 
showed that breeding maize in the intercrop from the 
onset improved genetic performance in that system, and 
Zimmerman et al. [40] and Davis and Woolley [46] con-
cluded the same for beans. Despite these findings, plant 
breeders almost universally evaluate genotype perfor-
mance in sole crops. Farmer identification of an intrinsic 
competitive quality is further evidence there are climbing 
beans better suited for an intercrop. While these can be 
identified late in the plant breeding process when culti-
vars are ready for release, we predict the introduction of 
line selection earlier in intercrop environments would 
result in identification of genotypes with superior com-
petitive ability.
Management
Evidence from the interviews showed that farmers adjust 
the plant densities and timing of planting to optimize 
yield in their specific environment. Indeed, of the bean–
maize breeding for intercropping research that exists, 
there are few similarities between the studies in terms of 
the intercrop plant density, plant type, or planting time 
[30, 36]. Field experimentation has shown that even when 
the plant densities are held constant, the spatial arrange-
ment can affect yield [48]. The variability of design in 
intercrop studies demonstrates the diversity found world-
wide and the multitude of ways these systems can be con-
structed [49]. Vandermeer [17] suggests that modeling is 
key to formulating optimal intercrops in terms of spac-
ing, density, and timing, but this would only be effective 
if the multiple services farmers desire from the cropping 
system are understood [50].
There was no consensus among farmers or researchers 
on optimal planting times for climbing beans in Rwanda, 
and this variability is evident in the literature. Several 
farmers indicated that beans should be planted two 
weeks after maize, but most stated that a four-week inter-
val (used in the PPB trials) allowed the maize to grow tall 
enough in order to support the beans without being over-
grown. Likewise researchers have found that aggressive 
climbing beans need to be planted some time after the 
maize to reduce smothering of the maize [46], but in con-
trast, unlike bush bean–maize intercrops, climbing beans 
have a greater yield potential with simultaneous plantings 
[51]. Farmers also stated that longer duration genotypes 
increased competition with the (180 day) maize. In gen-
eral, farmers preferred earlier maturing genotypes, but 
they also stated that fewer days to maturity were better 
specifically in the maize intercrop environment. This is 
complementary to researchers’ findings that there was 
less competition in a relay crop in which beans and maize 
overlap in the field for a brief period of time [46].
The emergence of an ideotype
Breeders have long used ideotype breeding to design vari-
eties for unique production systems [52, 53]. Evidence 
from both PPB discussion groups and interviews was 
consistent in that farmers have preferred attributes that 
form an intercrop ideotype, and these include both traits 
and management strategies. The plant characteristics 
farmers preferred were traits related to reducing compe-
tition between bean and maize plants and included: early 
maturity, moderately aggressive and moderately shorter 
plant types with an even columnar distribution of large-
seeded pods to prevent lodging, plants with fewer leaves 
(but not too few) to reduce competition for light, and 
that demonstrated adaptation. This would contrast with 
the more aggressive pyramid plant types that mature 
later and tend to set pods at the top of the plant creat-
ing uneven weight distribution that can result in shading 
and lodging of the maize plant. Adaptation and a natural 
competitive ability were of primary importance to farm-
ers and essential to performance in the intercrop. Similar 
concerns with respect to plant morphology for inter-
cropped climbing beans were identified in Guatemala 
(personal comm. Juan Jose Soto), and breeding strategies 
were proposed. These included developing less vigorous 
columnar types where the pods are set closer to the bean 
stem. Interestingly, in contrast to the bean-dominant 
intercropping system in Rwanda, intercrops in Guate-
mala are maize dominant (systems with a higher propor-
tion of maize to beans). This is suggestive that some of 
the intercropping bean morphology identified here might 
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be applicable even in maize-dominant systems. Hence, 
bean breeders could use these criteria to test and develop 
more genotypes suitable for intercrops in various regions.
Adaptation and genetic variation
Once genotypes are developed, the next step is test-
ing adaptation across the intended environments. Both 
men and women in our study identified adaptation as an 
important trait, and they have established means of test-
ing genotypes for adaptation in both sole and intercrop 
environments, on different fields. This underscores the 
challenges faced in crop improvement, given the mag-
nitude of genotype by environment interactions and the 
heterogeneous environments of farming systems in East 
Africa. Farmers were highly aware of intercrops as an 
added source of complexity that required close attention 
in the genotype evaluation process. Although there is 
not consensus among researchers, our farmer discussion 
results align with those that agree germplasm should be 
selected in the sole crop for highly heritable traits such as 
seed color, maturity, adaptation to climatic factors [42], 
and then tested in the intercrop for quantitative traits 
such as competitive ability, yield potential, and stress tol-
erance [42, 46, 54]. Breeding for intercropping systems is 
challenging both for logistics and for resources; thus, this 
method also reduces some of that demand. However, an 
important caveat is that farmers in this study were not 
exposed to early segregating lines and the potential com-
petitive advantage identified by some authors [24, 26].
The intercrop environment imposes competition for 
resources and environmental stress that may repress phe-
notypic expression of traits [46, 55]. Evidence from this 
research and Voss’ earlier work [9] shows that farmers 
are familiar with the effect of environmental stress, and 
Woolley and Davis [56] further note that farmers’ crop-
ping systems are fine-tuned to existing physical, biologi-
cal, and socioeconomic determinants. These adjustments 
allow adaptation to changes in conditions [57], which 
may be static (soil types) or dynamic (weather). However, 
it is difficult to determine genetic variation within this 
context. From our study, there is evidence that farmers 
can, in these complex environments, identify genotypes 
with better competitive ability and are able to differen-
tiate these traits from those that confer adaptation to 
edaphic and microclimatic stress. Corroborative evidence 
comes from a comparative study on farmers’ concepts of 
heritability, where Cleveland and Soleri [58] found that 
most farmers distinguish between environmental vari-
ability and genotype by environment.
Given farmer knowledge demonstrated here, ena-
bling farmer access to test advanced lines on-farm may 
improve the quality and quantity of bean cultivars pro-
duced. This runs counter to arguments that breeding 
within a sole crop environment is sufficient [59]. There 
are few studies testing this approach for breeding culti-
vars suited to intercrop systems. Atuahene-Amankwa 
et  al. [23] used a selection intensity of 25  % in a sole 
crop and found that the majority of high yielding lines 
were also high yielding in an intercrop. This study, how-
ever, was conducted on a Canadian research station in 
a resource-endowed environment with non-climbing 
Type I and II F5 bean lines. The environmental stress and 
diversity of on-farm environments in Sub-Sahara Africa 
pose additional challenges, and our study suggests con-
siderable benefits from incorporation of farmer knowl-
edge and skills into selection strategies.
In our research, distinct environments existed within a 
modest radius and genotypes that performed well in one 
area did not necessarily succeed in another, a not uncom-
mon situation [58]. Breeding for either low-input envi-
ronments or intercropping systems is considered highly 
resource intensive and is often not feasible. However, 
our study has confirmed that farmers have considerable 
knowledge regarding selecting genotypes for diverse envi-
ronments and multiple types of cropping systems. Involve-
ment of farmers in early decision making and innovation 
with diverse genetic material has been shown to support 
co-evolution of genetic materials suitable to farmer fields 
[60]. This, combined with farmer participatory breeding 
programs that provide access to large and diverse bean 
populations, and attention to ideotype specificities, may be 
a feasible alternative to resource intensive intercrop geno-
type by environment field trials [61].
Conclusions
Bean farmers in Rwanda demonstrated sophisticated 
understanding of methods to identify genotype adapta-
tion, competitive ability, and specific traits that together 
create an ideotype for maize–bean cropping systems. 
The ideotype traits identified included early maturity, 
less aggressive plant types, fewer leaves, columnar pod 
distribution, environmental adaptation, and competitive 
ability. Foremost in farmers’ selection criteria attributes 
were yield and adaptation to the region. Further, some 
farmers combined knowledge of plant characteristics 
with an understanding of adaptation traits and manage-
ment strategies to test germplasm in a manner to identify 
optimal genotypes for distinct cropping systems and field 
conditions. Interestingly, farmer observations highlighted 
that the best genotypes in the sole crop were not neces-
sarily the best for intercrop systems, thus affirming plant 
breeders efforts (albeit limited) to develop strategies for 
breeding for mixed cropping system varieties.
This study showed further that improved bean 
germplasm, even recently released tested cultivars, is 
not necessarily adapted to the highly heterogeneous 
Page 17 of 18Isaacs et al. Agric & Food Secur  (2016) 5:15 
environments of smallholder cropping systems. The gen-
otypes farmers preferred were the ones that have been in 
the region for decades (Gasilida and Ngwinurare). Adap-
tation to a region is essential for optimal performance, 
and farmers’ strategies of testing genotypes in different 
field types and cropping systems are well suited to evalu-
ate adaptation. Involvement of farmers in the selection 
process of early generation and diverse bean breeding 
populations through participatory breeding approaches 
that involve hundreds of farmers could improve identi-
fication of adapted, superior genotypes. Breeding pro-
grams designed specifically for intercropping systems 
are normally considered cumbersome and expensive, but 
empowering farmers through on-farm testing of diverse 
genotypes, and even populations, could be a practical 
solution and improve the productivity of these diverse 
cropping systems.
Finally, this study affirms that PPB approaches are 
essential for crop improvement and that farmer knowl-
edge complements and can contribute substantially to 
breeding efforts. PPB was developed to collaboratively 
identify and develop improved varieties specifically for 
marginalized communities. This work expands the appli-
cation of PPB to marginalized mixed cropping systems, 
and this, combined with analysis of in-depth interviews 
and scientific findings, generated new knowledge con-
cerning bean–maize intercropping systems.
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